The mitochondrial solute carriers Mrs3p and Mrs4p were originally isolated as multicopy suppressors of intron splicing defects. We show here that MRS4 is co-regulated with the iron regulon genes, and up-regulated in a strain deficient for Yfh1p, the yeast homologue of human frataxin. Using in vivo 55 Fe cell radiolabeling we show that in glucose grown cells mitochondrial iron accumulation is 5-15 times higher in ∆YFH1 than in wild-type strain.
3 sulfur proteins. Moreover, it has recently been discovered that iron-sulfur clusters are synthesized inside mitochondria by a specific machinery involving more than 10 proteins that have orthologues in bacteria (1) (2) . These iron-sulfur clusters are used for both mitochondrial and cytosolic proteins and their export into the cytosol is probably mediated by the ABC transporter Atm1p (3) . Based on their capacity to restore the low iron growth defect of an erg25 mutant (4), two homologous transporters belonging to the cation efflux transporter family (5), Mmt1p and Mmt2p, have been reported to play a role in mitochondrial iron transport (4) . However, the double deletion strain does not exhibit any respiratory defect, suggesting that the role played by MMT1 and MMT2 in mitochondrial iron metabolism is modest (4, 6) .
Using DNA microarrays, we have shown that mitochondria play a key role in cellular iron homeostasis (7). This conclusion was reached by using a strain that has been deleted for YFH1, the yeast frataxin gene (8) (9) . Frataxin is a small hydrophilic protein of unknown function conserved in the mitochondria of all eukaryotes. It has been reported that a multimeric form of frataxin is involved in iron sequestration (10) . In glucose grown cells YFH1 deletion elicits mitochondrial iron overload (8) (9) and prevents iron export from mitochondria (11) . This phenotype is associated with increased expression of the genes involved in iron mobilization in an AFT1-dependent manner (7) . Aft1p is an iron-sensing transcription factor that activates the transcription of a set of genes, the 'iron-regulon', under cellular iron starvation conditions (12) . By analyzing published data of gene expression profiles obtained under 300 different conditions (13) we found that the MRS4 and MMT2 genes are co-regulated with several AFT1-dependent genes. These data suggest that MRS4 and MMT2 play a role in iron metabolism.
The homologous Mrs3p and Mrs4p proteins are located in the mitochondrial inner membrane and belong to the mitochondrial solute carrier family (14) . Saccharomyces cerevisiae contains by guest on November 15, 2017 http://www.jbc.org/ Downloaded from 4 35 of these carriers (15) (16) , the most studied of which is the mitochondrial ATP/ADP translocator. Mitochondrial carriers are characterized by three homologous domains, each containing two transmembrane spans. MRS3 and MRS4 were initially isolated as high copy number suppressors of mitochondrial mRNA splicing defects, particularly in mrs2 mutants (17) . MRS2 encodes a mitochondrial inner membrane protein belonging to the bacterial CORA family of magnesium transporters and is involved in magnesium homeostasis (18) .
Mrs3p and Mrs4p carriers have been conserved during evolution and their human homologue can rescue the thermosensitive growth defect observed in a double ∆MRS3∆MRS4 deletion yeast strain (19) . It has been proposed that these carriers play a role in metal transport. We thus decided to investigate whether MRS3 and MRS4 genes play a role in mitochondrial iron import.
EXPERIMENTAL PROCEDURES

Strains and growth media
Saccharomyces cerevisiae strains used in this study were the wild-type strain W303-1B (MATα α ura3-52, leu2 -3, 112, trp1-1, his3-11,15, ade2-1) and its isogenic derivative W303-1B∆YFH1 ( MATα α ura3-52, leu2 -3, 112, trp1-1, his3-11,15, ade2-1, yfh1∆ The mutants ∆YFH1∆MMT1∆MMT2 and ∆YFH1∆MRS3∆MRS4 are meiotic segregants resulting from crosses between W303-1B∆MMT1∆MMT2 (or W303-1B∆MRS3∆MRS4) and W303∆YFH1-3C. In the ∆YFH1∆MRS3∆MRS4 strain, the MRS4 deletion was obtained by genomic integration of a linear deletion cassette containing the URA3 marker flanked by PCR-amplified DNA fragments corresponding to the 5' and 3' sides of the MRS4 gene. (6) .
Search for genes co-regulated with iron-regulon genes
At the time of the publication of their article (13), Hughes et al. constructed a database publicly available, in which one could search for the 30 genes most closely regulated with a query gene with a certain correlation coefficient (P<0.01 to P<1). The number of data points used in the correlation and the number of times the subject gene was regulated at a certain P value were also given.
Measurement of cytochrome content in whole cells
A paste of cells grown in the exponential phase of growth was reduced with dithionite in 0.7 mm thick cuvettes and frozen in liquid nitrogen. Low temperature cytochrome absorption spectra were carried out and cytochrome concentration was estimated as reported (22) .
Miscellanous
RNA peparation, Northern blotting analysis, and enzyme activities were carried out as previously described (7) . Magnesium and cobalt concentrations were determined by atomic 7 absorption spectrometry on samples treated with 5:2 nitric acid/perchloric acid at 80°C for 2 h.
RESULTS
Increased expression of MMT2 and MRS4 in a ∆YFH1 strain
In order to discover new genes co-regulated with the AFT1-dependent iron regulon, we performed a search in the database generated by Hughes et al (13 (24) (25) .
Deletion of MRS3/MRS4 and MMT1/MMT2 genes and iron metabolism-related phenotypes
Double and quadruple deletion strains were constructed for MRS3, MRS4, MMT1 and MMT2 genes in wild-type and ∆YFH1 nuclear backgrounds. All strains were viable. However, cellular growth was decreased both in glucose and glycerol rich media ( Fig. 2A) . The slower 8 growth on glucose medium did not result from formation of petite mutants (rho -). This indicates that MRS3/MRS4 deletions impair cell metabolism not only inside mitochondria but also outside. ∆MRS3∆MRS4 cells grew poorly in low iron media containing bathophenantroline sulfonate (BPS), an iron chelator ( Fig. 2A) . Moreover, optimal growth of ∆MRS3∆MRS4 and ∆YFH1∆MRS3∆MRS4 cells on minimum medium was only obtained upon addition of iron in the culture medium ( Fig. 2A and 2B ). The high iron concentration (1mM) used here inhibits the growth of ∆YFH1 cells and therefore, the ∆MRS3∆MRS4 deletion suppresses the iron sensitivity trait characterizing the ∆YFH1 strain. In contrast, after transformation of ∆YFH1 cells with an MRS4-bearing multi-copy plasmid these cells were extremely sick, and moreover, had lost their mitochondrial genome. Loss of the mitochondrial DNA was shown by DAPI staining experiments (Fig. 3) , and in crosses with a rho o tester strain of opposite mating type which gave no restoration of growth on glycerol medium (data not shown). These data suggest a link between mitochondrial iron metabolism and Mrs3p/Mrs4p transporters. No growth defect was observed in the ∆MMT1∆MMT2 strain.
Surprisingly, overexpression of MMT2 suppressed iron sensitivity in ∆YFH1 cells (Fig. 2C ).
The quadruple ∆MRS3∆MRS4∆MMT1∆MMT2 deletion strain was not lethal and its phenotype was identical to that of ∆MRS3∆MRS4 strains (data not shown).
Decreased incorporation of iron in mitochondria of ∆MRS3∆MRS4 strains
If MRS4 and MMT2 genes play a role in the transport of iron into mitochondria, their deletion should alter mitochondrial iron fluxes. (Fig. 4F ).
The mitochondrial 55 Fe content of ∆MRS3∆MRS4 cells grown either in glucose or glycerol medium was approximately half of that present in the wild-type ( Fig. 4C and E). It must be noted that although intracellular iron concentration was increased in ∆MRS3∆MRS4 cells compared to wild-type, extra-iron was not sent to mitochondria ( Fig. 4C and E) . As a consequence, the ratio of the mitochondrial to intracellular iron content decreased from 0.04 in the wild-type to 0.015 in the ∆MRS3∆MRS4 strain grown in glucose rich medium.
We also used isolated energized mitochondria to follow the incorporation of 55 Fe into protoporphyrin by mitochondrial ferrochelatase in wild-type and MRS4 overexpressing strains. This assay reflects the fraction of iron imported into mitochondria that can be used by the ferrochelatase. A greater fraction of 55 Fe was recovered in the heme of MRS4 overexpressing cells (Fig. 5) .
Altogether, these experiments show that loss of the Mrs3p and Mrs4p carriers is a limiting factor for iron import into mitochondria, specifically in ∆YFH1 cells grown in high iron media (Fig. 4B ). However, a substantial amount of iron is still imported into mitochondria in the absence of Mrs3p/Mrs4p transporters. Therefore, if the latter transport iron efficient 10 alternative iron uptake pathways that have still to be identified are also present. MMT1 and MMT2 deletions had no major effect on mitochondrial iron incorporation and accumulation (Fig. 4A , B and E). However, MMT2 overexpression in ∆YFH1 cells dramatically decreased the recovery of 55 Fe in mitochondria (Fig. 4D) , suggesting that Mmt2p does not import iron into mitochondria.
High iron concentrations do not induce rho -mutants in a ∆YFH1∆MRS3∆MRS4 strain
Under standard conditions, mitochondrial DNA is stably maintained in our ∆YFH1 strain (9).
However, non physiological high iron concentrations induce accumulation of cells devoid of mitochondrial DNA (9) . No loss of mitochondrial DNA was observed in ∆ ∆YFH1∆ ∆MRS3
∆MRS4 cells even in the presence of very high iron concentrations (Fig. 6A ), in agreement with the observation that iron does not accumulate in ∆ ∆YFH1∆ ∆MRS3∆MRS4 mitochondria.
In contrast, the introduction of ∆MMT1∆MMT2 deletions in a ∆YFH1 strain elicited significant increase in mitochondrial DNA loss when cells were cultivated in the presence of high iron concentrations (Fig. 6A) . Using Northern blot analysis we have found that mitochondrial DNA loss in ∆YFH1∆MMT1∆MMT2 mitochondria did not result from increased expression of the MRS4 gene (data not shown). Similarly, MMT2 was not overexpressed in ∆MRS3∆MRS4∆YFH1 cells.
Expression of AFT1-dependent genes is high in a ∆MRS3∆MRS4 strain
We found that the expression of typical AFT1-dependent genes such as YOR382w, YLR136c, YHL040c or COT1 was significantly increased in a ∆ ∆MRS3∆ ∆MRS4 strain, although to a lower extent than in a ∆ ∆YFH1 strain (Fig. 7) . The expression of the iron regulon genes was also higher in a ∆ ∆YFH1∆ ∆MRS3∆ ∆MRS4 strain than in a ∆YFH1 strain (data not shown). These data show that the loss of Mrs3p/Mrs4p is associated with activation of the AFT1-dependent regulon, implying that Aft1p encounters low iron concentrations. However, the fraction of 11 55 Fe recovered in the post-mitochondrial supernatant of ∆MRS3∆MRS4 (∆YFH1) strains is high (Fig. 4C) indicating that this iron species is not perceived by Aft1p. Iron might be sequestered in a specific compartment such as the vacuole (26) (27) . The expression of AFT1-dependent genes was not increased in ∆ ∆MMT1∆ ∆MMT2 cells.
Decreased aconitase activity and heme content in ∆MRS3∆MRS4 strains
Wild-type, ∆YFH1, ∆MRS3∆MRS4 and ∆YFH1∆MRS3 ∆MRS4 strains were grown in glycerol-containing medium and their cytochrome content as well as their aconitase, cytochrome c oxidase and oligomycin sensitive ATPase activities were determined. The cytochrome content was not significantly modified in ∆MRS3∆MRS4 cells (Fig. 8 ).
Cytochrome c oxidase and aconitase activities measured in isolated mitochondria were slightly decreased ( Fig. 9A and D) . Therefore, the amount of mitochondrial iron provided by the alternative import pathway was sufficient to ensure a large part of heme and iron-sulfur cluster biosynthesis in these cells growing at a slower rate. In ∆YFH1 cells, the cytochrome content was also normal and cytochrome c oxidase was slightly affected, yet aconitase activity remained substantially lower than in wild-type mitochondria, although the apoprotein concentration estimated by Western blotting analysis was not modified (Fig. 9C) . The decline in cytochrome content and in cytochrome oxidase and aconitase activities was more pronounced when MRS3 and MRS4 deletions were introduced in a ∆YFH1 strain (Figs. 8 and   9 ). Therefore, in ∆YFH1∆MRS3∆MRS4 cells the decrease in mitochondrial iron concentration became a severely limiting factor. This indicates that a strain that has no frataxin needs more mitochondrial iron than a wild-type strain for heme and iron-sulfur cluster biosynthesis. The mitochondrial oligomycin sensitive ATPase activity was similar in all strains (Fig. 9B) , suggesting that iron-containing proteins were specifically affected. The deletion of MMT1 and MMT2 genes had no great effect on aconitase activity (Fig. 9A ) and heme content (data not shown).
Metal and hydrogen peroxide sensitivity in ∆MRS3∆MRS4 strain
MRS3 and MRS4 are multi-copy suppressors of mrs2 mutants (17) . The latter have defects in magnesium transport into mitochondria (18) , and it has recently been shown that mitochondrial magnesium concentrations are restored to wild-type levels in an mrs2 mutant overexpressing MRS3 or MRS4 (28). We did not find significant modifications in the mitochondrial magnesium concentration of strains deleted for MRS3/MRS4 or overexpressing MRS4 ( Table 1) . We also tested the effect of heavy metals on cellular growth. The most striking effect was obtained with cobalt. Growth of wild-type cells was reduced in the presence of 2.5 mM cobalt (Fig. 10, lane 1) . Inhibition was stronger for ∆ ∆YFH1 cells and total for ∆ ∆MMT1∆ ∆MMT2 cells (Fig. 10, lanes 2 and 4) . In all strains inhibition of cellular growth by cobalt was associated with induction of rho -mutants (Fig. 6 ). In contrast, ∆ ∆MRS3∆ ∆MRS4 cells were extremely resistant to cobalt (Fig. 10, lane 3) , and no loss of mitochondrial DNA was observed in ∆ ∆YFH1∆ ∆MRS3∆ ∆MRS4 cells. Cells expressing MRS4 on a multi-copy plasmid had increased sensitivity to cobalt (Fig. 10 , lanes 5 and 6). We were not able to detect cobalt inside mitochondria of wild-type or mutant strains grown in the presence of 25 µM cobalt (Table 1) . However, cobalt was detected in mitochondria overexpressing Mrs4p (Table   1) , indicating cobalt accumulation in these mitochondria. Curiously, the cobalt resistant ∆ ∆MRS3∆ ∆MRS4 strain exhibits a higher intracellular cobalt concentration than the wild-type strain (Table 1) . Since this cobalt is not toxic, it might be sequestered in the vacuole.
MRS3/MRS4 deletions were associated with increased cellular sensitivity to hydrogen peroxide and heavy metals such as copper, cadmium, and to a lesser extent, zinc ( On the basis of the capacity of MRS3/MRS4 overexpressing strains to suppress the mitochondrial magnesium transport defect of mrs2 mutants it has been proposed that these mitochondrial carriers transport metals. The discovery that MRS4 expression was specifically co-regulated with genes involved in iron mobilisation from the external medium and intracellular stores led us to investigate whether Mrs4p mediates iron import into mitochondria.
The expression of the AFT1-dependent iron regulon and intracellular iron content are increased in a ∆MRS3∆MRS4 strain. Nevertheless, the fraction of iron recovered in mitochondria is approximately two fold lower in a ∆MRS3∆MRS4 mutant. Therefore, the extra-iron pumped from the external medium by ∆MRS3∆MRS4 cells is not perceived by Aft1p and does not enter mitochondria. It might be sequestered in the vacuole which is an important iron store in yeast (25) (26) . Mitochondrial iron content is a balance between uptake and exit, and therefore, decreased mitochondrial iron uptake in the ∆MRS3∆MRS4 strain may be compensated by lower exit so that the final mitochondrial iron content is only modestly (18), suggesting that Mrs4p can also be used for import of magnesium into mitochondria (28).
Two other transporters in the inner mitochondrial membrane, that belong to the family of cation efflux facilitators, Mmt1p and Mmt2p, have also been reported to play a role in mitochondrial iron import (4). Moreover, like MRS4, MMT2 is co-regulated with several iron regulon genes. MMT1 and MMT2 were isolated as multi-copy suppressors of the growth defect of an erg25 mutant in low iron media (4). The authors found that the double deletion mutant grown in low iron media reaches stationary phase for a lower cell density. Moreover, cells overexpressing MMT1 or MMT2 in high iron (250 µM) media have increased levels of iron both in cytosol and mitochondria. We also found that MMT2 overexpression increases the intracellular iron content but we did not observe significant change in the mitochondrial iron level. It must be noted, however, that our culture medium contained lower iron concentrations (5-50 µM) to avoid aspecific binding of iron on yeast membranes (6) .
Moreover, as previously reported by others (6), we did not observe a clear phenotype linked to iron in ∆ ∆MMT1∆ ∆MMT2 or ∆ ∆YFH1∆ ∆MMT1∆ ∆MMT2 deletion strains. This may be explained by the low expression of these transporters. In contrast with a previous report (4), our deletion strains were sensitive to cobalt. Finally, the dramatic decrease in the It has often been admitted that an increase in toxic free radicals generated by mitochondrial iron overload is a cause of the mitochondrial dysfunction in frataxin deficient cells (11) . This is probably true in ∆ ∆YFH1 cells cultivated in the presence of high non physiological iron concentrations, or when Mrs4p is overexpressed. We also found that ∆ ∆YFH1 cells that do not eliminate superoxide anions because they lack Sod2p, the mitochondrial superoxide dismutase, are extremely sick (Foury, unpublished data) . Under these conditions, the mitochondrial genome is destroyed.
However, in glycerol grown ∆ ∆YFH1 cells, there is no mitochondrial iron overload, and a specific defect in the activity of iron-sulfur proteins such as aconitase is still observed.
Moreover, a decrease in mitochondrial iron concentration is associated with a further decrease in aconitase activity. This means that in a frataxin deficient strain more iron is required to synthesize iron-sulfur clusters, implying that mitochondrial iron is not efficiently used. This conclusion is in agreement with the report that multimers of yeast frataxin sequester large amounts of iron in a bioavailable form (10) , suggesting that frataxin could regulate the delivery of iron for the biosynthesis of iron-sulfur clusters. A role for frataxin in iron-sulfur cluster metabolism is also supported by data obtained with conditional frataxin deficient mice
showing that decline in the activity of iron-sulfur cluster proteins occurs prior to mitochondrial iron deposits (32). Moreover, on the basis of phylogenetic studies run on 56 completely sequenced genomes it has recently been proposed that frataxin plays a role in ironsulfur cluster biosynthesis (33). tetrad issued from a heterozygous diploid harboring a deleted copy of YFH1 and AFT1 genes as previously described (7). Exposure times of the film were 1 day for MRS4 and 2 h for YOR382w and ACT1 genes. 
Footnotes
The abbreviations used are : PBS, bathophenantroline sulfonate; PCR, polymerase chain reaction; DAPI, 4',6'-diamino-2-phenylindole 
